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ABSTRACT
Effective lifetime and maintenance man-
agement of a transformer fleet requires 
precise monitoring of the electrical in-
sulation conditions of each transformer. 
Currently, the condition assessment of 
the insulating paper of transformers in 
operation is done indirectly, by oil sam-
ples and evaluation of aging markers 
in the liquid with only limited accuracy. 
In fact, sampling of the paper for direct 
analysis of insulation paper quality is 
only possible when the transformer is 
under maintenance or decommissioned. 
In this paper, the methodology and prod-
uct development of a novel patented op-
tical sensor is presented, which provides 
a possibility to determine the degree of 
polymerization (DP) of insulating paper 
online and in real-time with high preci-
sion via optical spectroscopy inside op-
erating transformers. The measurement 
is carried out non-destructively and with-
in seconds by a specific evaluation of 
the reflection spectrum of the insulating 
paper inside the oil or ester filled environ-
ment. The investigation has shown that 
measurement under strongly aged insu-
lating oil is possible, and the medium sur-
rounding the paper has no influence on 
the determination of the DP-value. Prod-
uct development involves materials and 
technologies to ensure long-time accura-
cy under mechanical, vibrational, chemi-
cal, thermal, and electromagnetic chal-
lenges of the transformer environment. 
This novel, innovative sensor is designed 
to enable online monitoring of the quality 
of insulating paper in the transformer at 
various points, like the hotspot, in order 
to improve operational safety and eco-
nomical operation. The optical measur-
ing method provides very high reliability 
and high accuracy. Deviation analysis 
shows higher accuracy for lower DP-val-
ues, which supports the determination of 
the end-of-life DP-values.
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The aging condition 
of the insulation has a 
considerable influence 
on the life expectancy 
of the unit
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1. Introduction
The transformer represents one of the 
most important assets in the electrical 
power network so that damage to the as-
set can have a significant impact on the 
power supply; therefore, regular condi-
tion monitoring, as well as assessment of 
the transformer, is of great importance 
[1]. Condition monitoring and evalua-
tion can cover various areas concerning a 
transformer, whereby the most important 
field is the condition of the insulation [2]. 
The aging condition of the insulation has 
a considerable influence on the life ex-
pectancy of the unit [3]. The age-related 
decomposition of the mostly used oil-im-
pregnated paper insulation considerably 
limits the life expectancy of a transformer 
since the mechanical strength of the paper 
is reduced over time and, as a result, can 
An accurate online mon-
itoring of the degree of 
polymerization would be 
essential for effective 
lifetime management of 
a transformer fleet
Figure 1. Online monitoring of DP-value for proactive lifetime and maintenance 
management [6]
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that cannot be repaired in an economical 
way. The end of a transformer’s life could 
be precisely determined by the end-of-
life of the paper insulation, and only 
transformers with the real end-of-life 
have to be taken out of service. Possible 
blackouts or accidents might be avoided 
by exceeding the lifetime of insulation 
paper, resulting in higher grid stabili-
ty. Extrapolation and modeling of the 
data can be used to predict the expect-
ed remaining lifetime of transformers. 
Furthermore, under certain conditions, 
monitoring of DP-values might trigger 
the user to perform adequate proactive 
maintenance actions, e.g., oil drying 
and  /  or reclaiming, in order to prolong 
the transformer’s lifetime (Fig. 1).
2. State of the art of 
determining the aging of solid 
insulation
There are both indirect and direct meth-
ods for the determination of DP-values.
A direct assessment of the insulating paper 
using the DP-value is currently not possi-
ble during operation, as a paper sample is 
Therefore, a permanent and accurate on-
line monitoring of the degree of polymer-
ization would be essential for effective life-
time management of a transformer fleet. 
The fact that in many countries, the trans-
former population has reached an average 
age of more than 30  years intensifies the 
question of the remaining life expectancy 
determination [6].
Accurate monitoring of DP-values over 
time, especially at the hottest tempera-
ture spot at the coil windings, can reflect 
the status of the insulation quality. It has 
to be considered that the solid insulation 
system is the only part of a transformer 
no longer withstand failures such as short 
circuits [4].
In power transformers, insulation paper 
is commonly based on the various forms 
of cellulose. Mechanical and electrical 
performance is depending on the degree 
of polymerization of cellulose, which is 
the average number of monomeric units 
(glucose rings) in the cellulose chain. 
New insulation paper has a high degree 
of polymerization with typical DP-values 
of 1000 or more. The DP-value of 200 is 
regarded empirically as a threshold value 
for safe operation and the end of life of the 
transformer [5].
The increase of fura-
nic components is an 
exclusive indication of 
thermal aging of the pa-
per, but it cannot exact-
ly deliver the DP-value
Figure 2. The concentration of furanic compound 2-FAL vs. aging time for different oils 
in the aging process of oil-paper insulation [11]
Table 1. Direct and indirect methods for determination of DP-values
Parameter Method Pro Contra
Direct measurement of the cellulose chain
DP-value Viscometric according to IEC 60540 Precise and standardized
N/a for transformers in oper-
ation
Indirect methods by detection of degradation products in oil
CO and CO2 Gas chromatograpy Standard online method with DGA
Interference by oxidation of oil 
and environment
Furanic compounds Liquid chromatography ac-cording to IEC 61198
Offline oil analysis, widely 
used in field, indication of 
insulation aging
Offline, cannot deliver exact 
DP-values, wrong conclu-
sions for different oils
Ethanol / methanol Chemical analysis Potential for online method with DGA
Method still under develop-
ment
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Figure 4. Schematic setup of the sensor head and path of light during the measurement
Also, for this methodology, limited ac-
curacy in DP-value determination is ob-
tained due to possible interferences with 
chemical processes in the oil and between 
the oil and environment.
Ethanol and methanol might also be pro-
duced during the degradation of cellulose, 
but these methods are still under develop-
ment and not widespread so far, leading to 
an insufficient experience in the interpre-
tation of ethanol and methanol contents. 
Table  1 shows a summary of the estab-
lished direct and indirect methods for 
determining DP-value and their specif-
ic advantages (pro) and disadvantages 
(contra).
the oil in respect to paper arrangements 
in the transformer and type of preser-
vation construction (open or hermetic 
transformers). It has been concluded that 
the increase of furanic components is an 
exclusive indication of thermal aging of 
the paper, but it cannot exactly deliver the 
DP-value [12]. The accuracy of the furanic 
analysis is limited and depends strongly 
on the type of oil. The published algo-
rithms for uninhibited oils cannot be used 
for newer oils without leading to a signifi-
cant inaccuracy.
CO and CO2 are also produced in the 
degradation process of cellulose, and such 
molecules can be measured online, utiliz-
ing available DGA oil analysis techniques. 
necessary for this purpose. The removal 
would demand significantly high efforts 
and costs. A sampling of the insulating pa-
per is only possible during maintenance 
or decommissioning of the transformer. 
State of the art of direct measurement of 
DP-values for cellulose is a viscometric 
determination according to IEC 60540 in 
certified laboratories.
An indirect condition monitoring refers 
to a quantitative investigation of substanc-
es in the insulating oil, which are produced 
by cellulose decomposition processes and 
accumulated in the surrounding liquid. 
These markers affect the physicochemical 
parameters of the insulating liquid [7].
For example, the aging of the paper in 
mineral oil produces furans, and by 
measuring the furan content according 
to IEC  61198, information about the ag-
ing condition can be obtained [8-10]. 
An advantage of the indirect method is 
a non-destructive measurement during 
the normal operation in the field be-
cause of the possibility to take insulating 
oil samples from a transformer without 
great effort. However, limited accuracy is 
obtained due to the indirect method via 
degradation processes. Analyzing furanic 
compounds requires an offline effort of 
sampling and measurements [11]. How-
ever, the limited repetition rate of the 
manual sampling makes permanent con-
dition monitoring impossible.
Furthermore, recent studies at the Scher-
ing-Institute [12] show diverging results 
for different oil types. Fig.  2 shows the 
concentration of the furanic component 
2-FAL during aging of oil-paper insu-
lation experiments vs. aging time. The 
concentration of 2-FAL in uninhibited 
oil shows a rapid initial increase of 2-FAL 
concentration followed by a steady de-
crease for an aging time exceeding 400 h. 
The decrease might be related to the de-
composition of 2-FAL or diffusion out of 
the oil or possible migration back into the 
insulation paper. Such interactions make 
a one-to-one correspondence of 2-FAL or 
other furanic contents to DP-value more 
than questionable.
Concentrations of 2-FAL in Fig.  2 in in-
hibited oils and synthetic oils show at least 
increasing content over the aging time but 
different for both inhibited oils. Also, it 
could be demonstrated that there is a re-
markable influence of furanic content in 
The basis for the optical methodology is the 
empirical observation that insulation papers 
show changes in optical parameters during 
the aging process
Figure 3.  Principle of optical reflection spectroscopy of insulation paper
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IEC  60540 and set into correlation with 
the optical parameters from reflection 
spectroscopy resulting in a sensor value 
via mathematical algorithms, e.g., least-
square fit procedures.
5. Aging of the oil-paper 
insulation
In this investigation, 11 different paper 
sample sets were used for the spectral 
analysis. These paper samples aged in 
different types of insulating liquids and 
systems, intended to simulate various 
operating modes, designs, and exploita-
tion of a transformer. The simulation of a 
freely breathing transformer with an oxy-
gen and moisture input from the ambient 
air is called an open system in this work, 
whereas a closed system means a hermet-
ically sealed transformer. In addition, a 
distinction is made between heteroge-
neous and homogeneous aging, as shown 
in Fig. 5. Heterogeneous aging means that 
the paper strips remain layered in the in-
sulating oil. In contrast, homogeneous 
aging refers to the uniform aging of the 
individual paper strips. This is achieved 
by arranging the paper strips next to each 
other, ensuring uniform contact with the 
insulating oil, to investigate if the arrange-
ment of the paper has an influence on the 
measurement with the sensor.
With the aid of a large number of paper 
samples, it has been investigated wheth-
er the sensor value would change due to 
different influencing factors of various 
insulating liquids. The examined paper 
samples have been aged in a non-inhib-
ited mineral Oil  A, an inhibited mineral 
Oil B, and another inhibited Oil C with a 
different composition. Oil A and Oil B are 
classic mineral oils, while Oil  C is a syn-
thetic oil. Paper samples aged in the ester 
liquids Ester A, Ester B, and Ester C were 
also tested. The liquids Ester B and Ester C 
are natural esters, while Ester  A is a syn-
thetic ester.
It is worth mentioning that in this study, 
the insulating paper Grade K Insulation 
Paper of the company Weidmann was 
used. This is a light calendered paper with 
a thickness of 0.1 mm and a density of 0.75 
– 0.85 g/cm³ [15].
For homogeneous accelerated aging, pa-
per strips with a total mass of 100 g were 
hung in a 10  l stainless steel container. 
Therefore, the insulating papers were 
The insulation paper is illuminated at the 
sensor head with a light source via a fiber 
optic cable, and reflected light is collected 
by another fiber optic cable and trans-
ferred to an optical spectrometer. As seen 
in some more details in Fig. 4, processes of 
absorption, reflection, and transmission 
occur in insulation paper, and diffusely 
reflected light is collected by optical fiber 
into the spectrometer.
4. Scientific methodology
In order to find a correlation between the 
optical reflection spectrum and the degree 
of polymerization of insulation paper, a 
method for defined aging and character-
ization of accurate DP-value has been es-
tablished.
As already mentioned, with the 
IEC  60540, there is a well-established 
method of viscometric determination of 
polymerization degree. By aging insula-
tion papers in different transformer oils 
and other fluids like natural or synthetic 
esters, samples with different aging status 
have been created. The degree of polym-
erization has been measured according to 
Besides focusing on transformer diagnos-
tics, the subject of our current research 
and product development is the devel-
opment of a cost-effective and efficient 
direct, and precise online method for de-
termining the condition of the insulating 
paper without the need for disconnection 
from the power grid. Typical kraft papers 
have been aged in different insulating flu-
ids, which are commonly used in trans-
formers, and a correlation between the 
reflection spectrum and the DP-value has 
been investigated [13, 14].
Based on the research results, product de-
velopment has been initiated for precise 
online monitoring of the polymerization 
degree of insulation papers inside power 
transformers.
3. Optical methodology
The basis for the optical methodology is 
the empirical observation that insulation 
papers show changes in optical parame-
ters during the aging process. Therefore, 
an optical system was developed using 
principles of optical spectroscopy, shown 
in Fig. 3.
To find a correlation between the optical re-
flection spectrum and the degree of polym-
erization of insulation paper, an experimen-
tal investigation has been conducted
Figure 5. Arrangement of oil-paper samples during thermally accelerated ageing in the 
oven
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insulating oil were taken at weekly inter-
vals in the beginning, with the first sample 
being taken before the aging process ini-
tiation. The remaining samples, including 
the insulating fluid, were taken at two-
week intervals and at the end in a three-
week interval.
The heterogeneous closed aging process is 
analogous to the heterogeneous open one 
of paper to oil in a transformer [17]. In 
addition, a copper pipe was added to the 
paper, for the reasons already mentioned. 
The drying and degassing were carried 
out in advance, as well as the sampling 
and extraction of the insulating oil, same 
as before. In total, paper samples for three 
different oils were aged according to this 
aging procedure for a period of 15 weeks. 
The paper samples and the corresponding 
hung up on a line and immersed in oil, as 
shown in Fig. 5. 
Prior to the aging process, both the paper 
strips and the insulating liquid were dried, 
whereby the insulating oil was degassed in 
addition to a drying process. Drying and 
degassing are carried out to reduce the oxy-
gen and moisture content, thus preventing 
premature catalysis of the decomposition 
processes [16]. The paper strips were dried 
for 48 hours at 80 °C under vacuum, while 
the drying and degassing of the insulating 
oil was carried out in an oil treatment sys-
tem. The system uses a vacuum pump to 
reduce the pressure to a value of 0.5 mbar, 
and at the same time, the temperature was 
raised to 65  °C with the aid of a heating 
circuit, allowing any gases and moisture 
present in the oil to evaporate. After the 
dried paper samples were impregnated 
with the processed insulating fluid in 
a vacuum chamber at 80  °C, the paper 
samples were aged in a heating cabinet 
with air circulation at a temperature of 
130  °C. Copper tubes, 15  cm long and 
65 g heavy, with a wall thickness of 1 mm 
and a surface area of 320 cm², were added 
as a catalyst to the paper samples in order 
to simulate the paper aging as realistically 
as possible. The stainless-steel containers 
were covered with a lid to minimize the 
oxygen and moisture ingress. In total, the 
paper samples were aged for 3192  hours 
(19 weeks) with Oil C.
The heterogeneous open aging method 
was intended to replicate the decompo-
sition process of insulating paper in a 
free-breathing transformer with Oil  A, 
B, and C. In contrast to the previous sec-
tion, the impregnated insulating papers 
were not sorted and hung in an elongat-
ed stainless-steel container but placed in 
Erlenmeyer flasks in an overlaying order. 
For the aging process, a total of 30 Erlen-
meyer flasks were filled with 160 g paper 
and 1600 g insulating oil each, which cor-
responds to a typical weight ratio (1:10) 
A correlation between 
the sensor-value and 
the DP-value has been 
found for all different 
aging systems and in-
sulating fluids
Figure 6. Measured DP-value (red) via viscometry and measured sensor value (black) 
over aging time for Oil C in an open system with a homogeneous arrangement
Figure 7. Linear correlation between the sensor-value and the DP-value for Oil C in an 
open system with a homogeneous arrangement
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Table 2. Distribution of the prediction errors for different DP-value ranges
A careful analysis of the correlation 
of the measured sensor-value derived 
from the reflection spectra of the differ-
ent paper samples with the DP-value de-
termined according to IEC 60450, using 
the viscometric method, has been inves-
tigated for all combinations of different 
oils and synthetic and natural esters as 
well as open or closed systems and ho-
mogenous and heterogeneous arrange-
ments.
A correlation between the sensor-value 
and the DP-value has been found for all 
different aging systems and insulating 
fluids, which allows for an easy determi-
nation of the DP-value. As an example, 
Fig. 7 shows a correlation between sen-
sor-value and DP-value for open system 
aged in Oil C. 
It turned out that the correlation of all 
combinations of fluids and aging condi-
tions showed very similar behavior.
Fig. 8 shows the calibration lines deter-
mined by averaging the regression lines 
from all measurements. The measure-
ments were also carried out using fresh 
new oil to determine whether the insu-
lating fluid has an effect on the deter-
mination of the sensor-value. As can be 
seen, both calibration lines are almost 
identical, so it can be assumed that the 
insulating liquid surrounding the paper 
has no influence on the determination 
of the sensor-value.
To assess the reliability of the calibration 
model, average absolute prediction er-
rors ΔDP were calculated as shown in 
Equation (1). For this purpose, differenc-
es of the individual laboratory DP-values 
DPi,Lab and the DP-values DPi,Sensor pre-
dicted with the calibration line were cal-
culated.
mally accelerated at 130 °C within a heat-
ing cabinet.
6. Results
Aging analyses of all combinations of oils 
and fluids, insulation papers, and trans-
former configurations have been per-
formed. Fig. 6 shows an example of the 
aging process of Oil C in an open config-
uration and homogeneous treatment. DP 
and sensor values in the figure already in-
dicate corresponding behavior.
with Oil A, B, and C as well as Ester A, B, 
and C. The only difference in this context 
is the airtight closure of the Erlenmeyer 
flasks by a silicone rubber plug. The aging 
process of these samples is the same as de-
scribed for the open system. The papers 
were placed heterogeneously in an Erlen-
meyer flask and aged in a heating cabinet 
at 130 °C for 2016 h.
In addition, the aging of pure non-im-
pregnated paper samples was carried out 
in the air, whereby the aging was also ther-
Based on the experi-
ence with this reliable 
optical technology, 
product development 
on insulation paper 
sensing has been 
launchedFigure 9. Paper samples of a real transformer, which was in operation for more than 50 years.
Figure 8. Calibration lines recorded under aged and new oil.
DP-value 
range DP ≤ 300 300 < DP ≤ 500 500 < DP ≤ 800 800 < DP
Deviation 17 91 71 74
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Table 3. Determination of the DP-value using IEC 60450 and the sensor
show lower values at the inner layers than 
at the outer layers, which is reasonable 
but cannot be detected by the chemical 
DP-analysis because this method seems to 
be too inaccurate for detecting small dif-
ferences. Therefore, it has to be conclud-
ed that the sensor system delivers more 
mined in the laboratory are all close to 
200. However, it seems that the values 
which have been determined by the sen-
sor correspond better with the theory of 
aging; thus, lower DP-values are expected 
on the low voltage side due to higher tem-
peratures. Furthermore, the sensor values 
Table 2 shows average absolute deviations 
of the predicted DP-values from the labo-
ratory values.
It is shown that an accuracy of at least 
91  DP-points is achieved over the entire 
lifetime. In addition, accuracy of at least 
17 DP-points is obtained, especially in the 
important area of the end of life around 
DP of 200.
For further investigation regarding the 
prediction of the DP-value by means of 
the sensor, a real transformer paper was 
examined. The paper comes from a trans-
former that has been in operation for 
more than 50 years, shown in Fig. 9. There 
are samples from both the high voltage 
(HVW) and low voltage windings (LVW), 
as well as the outer (O) and inner (I) 
layers.
The DP-values determined in the labo-
ratory according to IEC  60450 and the 
DP-values determined by the new sensor 
are shown in Table  3. On the one hand, 
it can be seen that the values correspond 
very well with each other. Furthermore, 
it can be observed that the values deter-
Figure 10. Sensor heads for use in transformer (two left), two right: with a holder for insulation paper
Figure 11. Aged insulation papers calibrated for DP between 1039 and 194 by viscometric analysis according to IEC 60540 (calibrated DP-values 





HVW O 211 260
HVW I 195 211
LVW O 193 156
LVW I 196 131
The deviation between the measured and 
calibrated value is within the range of 2-6 %, 
and the standard deviation is around 6-8 % 
of the calibrated value, which shows the po-
tential for high accuracy of this technology
ΔDP Ratio  = n
Σi=1 |DPi,Lab - DPi,Sensor|n (1)
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Figure 12. Test results on 50 randomized positions on different aged and calibrated 
insulation papers.
Table 4: Deviation analysis 
Figure 13. Deviation analysis of DP-value measurement: percentage of the standard 
deviation of 50 test points and deviation between measured and calibrated value
A sensor head and fiber optic cable tests 
are currently performed on the transform-
er in operation, and the first results indicate 
thermal stability up to 130 °C
DP-value calibrated 194 403 596 793 1039
DP-value mean 189 428 583 804 1018
Deviation DP-value -5 25 -13 11 -21
Standard deviation 16 34 39 49 81
% deviation -2.6 % 6.2 % -2.1 % 1.3 % -2.0 %
% standard deviation 8. 5% 8.0 % 6.6 % 6.1 % 7.9 %
reliable and precise values than the meth-
od according to IEC 60450.
7. Sensor head for 
online monitoring inside 
transformers
Monitoring the quality of insulation pa-
per at the winding hot spot of a trans-
former requires technology with stable 
performance over the entire lifetime of a 
transformer, e.g., for a period of 50 and 
more years. The following requirements 
need to be fulfilled by the sensor technol-
ogy:
• long time stability and accuracy of the 
signal,
• chemical compatibility in respect to all 
transformer fluids,
• thermal compatibility and stability up 
to hot spot winding temperature and in 
respect to dynamic thermal cycles,
• stability in respect to mechanical trans-
former environment with permanent 
vibration,
• stability in respect to the electromag-
netic transformer environment.
Optical fiber technology in transformer 
monitoring has been well established in 
the field of online temperature measure-
ments over the last decades and is now 
state of the art in reliable hotspot winding 
and top oil temperature monitoring.
Based on the experience with this reliable 
optical technology, product development 
on insulation paper sensing has been 
launched, and appropriate optical fiber 
and sensor head materials have been se-
lected for functional prototypes of a new 
DP-value sensor to ensure permanent 
high electrical insulation and chemical, 
mechanical, electromagnetic and thermal 
compatibility to the transformer environ-
ment. Fig. 10 shows functional prototypes 
of different sensor heads based on optical 
fiber technology for the use inside a trans-
former and a sensor mounted on a holder 
for insulation paper.
For functional testing of transformer use 
prototypes, aged insulation papers mea-
sured by viscometric analysis according 
to IEC 60540 DP-values from 1039 to 194 
have been selected to represent the entire 
range of values during the lifetime. Fig. 11 
shows calibrated paper samples and an in-
dication of DP-values.
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Figure 14. Sensor head for monitoring insulation paper mounted on a lead inside the 
transformer
An online monitoring system with the con-
dition assessment of transformers paper 
insulation would be feasible using proposed 
optical sensors, which is not currently avail-
able on the market
Since the calibration of the optical sensor 
is based on the correlation with viscom-
etric tests, uncertainties in the viscomet-
ric test results influence the calibration 
of the optical sensor. In fact, some de-
viation is found in the viscometric test 
results as well. Therefore, differences be-
tween optical and viscometry measured 
DP-values are also related to deviations 
in the viscometric measurement.
Potentially, the optical method might have 
higher accuracy in respect to the viscomet-
ric methodology, which makes the optical 
even with papers aged in the air. The re-
sults are in general agreement with pre-
vious studies using similar methodology 
from a group from the University of Sur-
rey [18].
Tests of the methodology in respect to 
repeatability and reproducibility indi-
cate high accuracy of the new optical 
method, and there is a clear correlation 
found between the measurements with 
an optical sensor and viscometric tests 
for DP-value determination according 
to IEC 60540.
Each calibrated insulation paper has been 
measured at 50 randomly selected posi-
tions on one side of the paper by the pro-
totype sensor. The test results are shown 
in Fig. 12. The measured DP-values of dif-
ferent papers can be easily distinguished 
from each other. Fig. 13 and Table 4 show 
a deviation analysis of the measurements. 
The deviation between the measured 
and calibrated value is within the range 
of 2-6  %, and the standard deviation is 
around 6-8  % of the calibrated value, 
which shows the potential for high accu-
racy of this technology.
It should be noted that the deviation 
analysis shows the highest accuracy 
of approximately 20  DP in the region of 
200  DP, are demonstrating the potential 
for a precise sensor methodology for de-
termining the end-of-life of transformers.
Repeated measurements at one spot of the 
paper without moving the sensor head 
show very high repeatability with stan-
dard deviations below 1 %, indicating that 
standard deviations on the paper shown 
in Fig.  12 and Table  4 are due to spatial 
inhomogeneity over the insulation paper.
8. Tests under transformer 
conditions
Transformer conditions at hot spot wind-
ing require a temperature range up to 
130 °C and more in oil and ester fluid en-
vironments. Therefore, a sensor head and 
fiber optic cable tests are currently per-
formed. The first results indicate thermal 
stability in the given temperature range. 
Long time tests are prepared for different 
oils and esters and also inside real trans-
formers for pilot testing.
Fig. 14 shows a sensor head for monitor-
ing DP-value mounted on a lead inside a 
transformer.
9. Discussion
The methodology for measuring DP-val-
ues using optical reflection spectroscopy 
inside transformers is an innovative and 
promising technology with an oppor-
tunity for a much more precise online 
transformer lifetime management.
Laboratory tests of the optical method 
show consistent results for DP-value 
with different kinds of aging fluids (min-
eral oils and esters), old and new oils, 
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condition assessment of transformers pa-
per insulation would be feasible, which is 
not currently available on the market. The 
measurement is carried out non-destruc-
tively within seconds, resulting in consid-
erable advantages over the destructive vis-
cometric method according to IEC 60450. 
The time-consuming sampling of paper is 
therefore no longer necessary. The tests 
were carried out using accelerated aged 
paper samples in the laboratory, aged in 
air and different insulating liquids, sim-
ulating various systems (free-breathing 
and hermetically sealed transformers). It 
could be shown that monitoring under 
the measurement environment of a trans-
former is possible and that this can be 
done independently of the type of insu-
lating liquid. There is clearly a correlation 
between the sensor-value and the DP-val-
ue, which allows a simple and reliable de-
termination of the aging condition of the 
paper. In addition to online monitoring 
of insulation paper in transformers, it is 
possible to use the sensor technology for 
analyses in laboratories, which allows for 
a simplified and faster measurement of the 
paper condition. Product development of 
functional sensors for online monitoring 
in transformers and for laboratory devices 
for different paper samples are currently 
under development.
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